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.¨¦p{p{z}.¨Î«qpsrtc.aaz¦vaZayto.cuqwy{cŁyd_az¦Ł_a·4Gz¦v vGr{ytŁ¨¦¨­cuy)rtVqc rtc.ytbZz¦vacAr{yt|Gwac.·4z¦vaawartp.Ł¢·
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r{_ac½c.¹Grtc.ytv¨






z¦v¨¦¨¦nŁºp®bdc%ytc.b¶Ły{«qpdŁv rt_acHaytŁOp{cu  ŁvGrty{¨psrtytr{c.n²vC 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 I ﬀ {O;−→ı o,−→ o,−→k o} z}p¶;¸a¹qcu¼©z¦vacuy®rtz¦Ł¨Łyﬂﬁ¨¦z­¨¦cuŁvCÁK§©ytŁbdc%ªﬁµ yEµ rEµ ¼©ªz­r{_¯y{cEp®Ocu rdr{GÁ
ª_az}_Krt_ac&¬Łc._z¦.¨­c  pYŁp®¨­war{c&p®z­r{wr{z¦Łv%¼©Op{z»rtz­vﬃŁytz­cuvr¢rtz­vCÁz}p	bdcup®waytcuµ*^&_az}p*§©ytŁbZc
z¦pﬁ_p{c.v;pir{_ac¶e   §©ybdc%¼Òey®rt_q· /Łp®r®·  g¢ªvCÁgªz­r{_;r{_ac¶¬cu´rtŁy −→ı o OŁz¦vGr{z¦va%r{%r{_ac
ey®rt_ºart_ac¬ŁcE´rtŁy −→ o Cz­vGrtz­vaVr{dr{_c)Łp®ruºOv%rt_ac¬cu´rtŁy −→k o OŁz¦vrtz­vdr{¶rt_acK cuvGr{c.y
§ir{_ac½cuŁy®rt_µ B ﬀ {G;−→ı ,−→ ,−→k } z}p¶Ç§©ytŁbZcHr®rt_acuÅr{;r{_ac½OqqnŁµ¯^&_ac½¬ŁcE´r{y −→k z¦p
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−→ı o + x2−→ 0 + x3−→k o ºay{cu¨¦r{z¦Łvr{_r&ª¥cAªz­¨¦¨¨}p®Zªytz»rtciz¦v%ZbdŁytci.Łv.z¦p{cAª¥Èn
Łp −−→
OG = (−→ı o,−→ o,−→k o)x µ
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ªﬁµ yuµ ruµ I z¦pac.vaŁr{cu
Łp
x˙ = (x˙1, x˙2, x˙3)
T ª_acuv;c.¹oy{cEp{p{cuHz¦v;r{_acdp®z}p§ I º*vCÇŁp v = (v1, v2, v3)T ª_acuv
c ¹qaytcuptp®cEz¦v%r{_acp®z}p&§ B ºqzÒµ cŁµ −→v = ddt
−−→
OG = (−→ı o,−→ o,−→k o)x˙ = (−→ı ,−→ ,−→k )v µ
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c ¹qaytcuptp®cEz¦v B ºoz}pqcuvartcu%Łp ω = (ω1, ω2, ω3)T µ
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r{_acAbaz­cuvGr)±waz}¶¬c.¨¦o.z»rsnºz4µ cŁµ −→v a = −→v −−→v f µ	Ã[rpM¬ŁcE´rtŁy)Ł§ oŁyqz¦v¢rtcupYz}p x˙a = x˙− x˙f
c ¹qaytcuptp®cE%z­v%r{_cŁp{z}p§	r{_cﬁ¸a¹qcu§©ybdc I ºÎv va = v − vf c.¹qay{cEp{p{cuz¦v½r{_acCŁp{z¦pŁ§








 {e1, e2, e3} qc.vaŁr{cEp¶r{_c;.ŁvaŁvz¦u¨p®z}p¶Ł§ R3 ºz4µ cµ e1 = (1, 0, 0)T º e2 = (0, 1, 0)T º













3 z}pqcuvartcu½Łp |.| µ
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 §©wv´rtz­v
y : [to, +∞) −→ Rp z}pKwµ µ¯¼¾§©y
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p{w_Årt_¢r |y(t)| ≤ c, ∀t ≥ T µ¯v¯Łwar{awqr y = h(x, t) ∈ Rp
z¦pwµ wµ µ%¼¾§©Ły
5/0 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Łz­yta¨}vacEp.ºa¨­z¦bdpuºyto«c rp.ºc.rtŁµﬂ ;cŁptp®wabdcZr{_C¢rﬁr{_cdr{_aytwp®r −→
T = −T−→k Łaa¨¦z­cEpﬁ¢rK½OŁz¦vr
¨¦z­r®r{¨¦c½qz¦p®rtŁvGrK§©ytŁb r{_ac%¢¹qz}p {G;−→k } p®Tr{_rZz­rZqocEpKvaŁrd.y{cE¢rtcvÅz¦bdCy®rvGrKrtŁy|Gwac¢r G µ
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F = −T−→k +−→F e
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y{cEp®cuvr&z¦v −→
F e
µM^&_az}p¥§©Ły c.Łvrt_ac.v½OcAbdqqcu¨­cEp.Łvp®rtŁvr¬cu´rtŁy¥y¨¦¨¦c.¨Or{Zr{_c {0;−→k o}
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Łc.ytoanGvCbdz¦Ły¶_onqqytqqnovbdz}
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F e
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>4º
ŁvÇcEpsrtz­b¶¢rtz­vÇŁ§ −→
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g¨»rt_aŁwŁ_Zr{_acy{cEp®cuvrYŁCcuy	§©q wp{cupYvZ.ŁvGr{ytŁ¨ap®Ocu rtpYŁ¨­bdp®rYc ¹a ¨¦wp{z­¬c.¨¦nŁºª¥cytcÈª¥Ły{c/r{_ruº
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(Σ2) : Jω˙ = −S(ω)Jω + Γ + Γe(x˙, x¨, R, ω, ω˙, t)
¼ÒŁÁ
ª_c.ytc
Γ = (Γ1, Γ2, Γ3)
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t 7−→ Fe(x˙, t)

t 7−→ ∂Fe∂x˙ (x˙, t)
(%!
t 7−→ ∂Fe∂t (x˙, t)
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c1 ≥ 0, c2 > 0
),   (

















 ﬂ'	ﬂ ﬂ*0 ;; ﬁﬂﬁ(
  ,ﬂﬃ,
c3 ≥ 0, c4 > 0
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Àc r
γ ∈ R3 qcuvartcHwavaz­r¬cu r{Ły¼ |γ| = 1 ÁﬁŁptp®q.z¦r{cuﬃªz­r{_rt_acqcEp®z¦ytcu¼©Optp{z­a¨¦nﬃ¬ÈŁy{noz¦vaGÁ


















γ¯ := RT γ
¼ Á
Łv¨­c.r
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R˙ = RS(ω) 
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θ˜ = 0
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v˜ ≡ 0 z­bda¨¦z­cEp&r{_C¢r























(v˜, R) = (0, R∗)
z}pvar
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δ > 0




 |γ(x˙, t)| ≥ δ 
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γ¯ = ±|γ|e3.
Àc r
θ˜ ∈ (−pi; pi] qc.vaŁr{c&rt_acgvŁ¨¦c¥Oc rsª¥c.cuvZr{_ac&rsª¥wavaz­r)¬ŁcE´r{ytp e3 Łv γ¯|γ|
ºGp®rt_¢r





γ¯ = |γ|e3 Áy θ˜ = pi ¼©z4µ cµ γ¯ = −|γ|e3 Á
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u = γ¯3 + |γ|k1v˜3
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(v˜, θ˜) = (0, 0)
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[0, +∞) p{w_rt_¢rEºq§©Łyp{ŁbdcOp{z»rtz­¬c.Łvp®rtŁvGrtp η, β º
∀s > 0, h(s2)s < η ¼ <uGÁ
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c := γe − γˆe



















2)s > |c| 
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I˙v = Rv˜
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I∗v ∈ R3
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(Iv , v˜, θ˜) = (I
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v , 0, 0)
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R
3 × R3 × (−pi, pi) 
^&_c¥y{o§C§rt_az}pYaytŁOp{z»rtz­vKz}pYp®z¦bdz­¨}yr{Art_ac&ay{oŁ§C§O~MytŁOp{z»rtz­vZoµ  Łbda¨¦c.bdc.vGrytnqc rz¦¨¦p
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x˜ = x−xr rt³.cuy{Cµò¸ytp®r/p{Ł¨¦wqr{z¦ŁvZrtr{_z¦p)ay{a¨¦c.b z¦p)ay{¢¬oz}qcudonr{_ac
.ŁvGr{ytŁ¨y{CGp®cEz¦v%r{_acy{cu¬Gz¦ŁwCpp®waCp®cE´r{z¦ŁvHp{z­vC cŁºGn%p®c.r®rtz­va
I0 = x(0) − xr(0) z¦v¼ <EÁ ºaŁvac
_CŁp
Iv = x˜
µMe¢ªﬁºa¨¦z¦«Łcir{_acﬁ¬c.¨¦o.z»rsnpsraz¦¨­z¦³ur{z¦Łv½.p®cºGz­rg.ŁvOcﬁwp{c §©wa¨/¼ vCcu¬ŁcuvvacE cEp{ptytnaÁ



















z¨ = −2kz z˙ − k2z(z −
p{r
∆z) + kzhz(|x˜|2)x˜ (kz > 0, z(0) = 0) ¼ <F=ŁÁ
ª_c.ytc
hz






















 ∀x ∈ R3 ºqz­§ |x| ≤ ∆ ºpt¢r ∆(x) = x µ

 ∃ ∆¯ > 0 p{w_%r{_r ∀x ∈ R3 º | pt¢r ∆(x)| ≤ ∆¯ µ
 
 ∀(c, x) ∈ R3 × R3 p®w_%rt_¢r |c| < ∆ º | pt¢r ∆(x + c)− c| ≤ |x| µ
Optp{z­a¨¦cﬁ_aŁz} cz}p¥r{_ac.¨¦p{p{z}.¨pt¢rtwaytr{z¦Łv§©wav´rtz­vHqc ¸vcu½Łp
p{r



















y := x˜ + z
¼ <?EÁ
v¯ := v˜ + RT z˙
¼4Á
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
u = γ¯3 + |γ|k1v¯3
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h(s2)s > |c| 
0
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∆ > |z∗|  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(z, z˙, x˜, v˜, θ˜) = (z∗, 0, 0, 0, 0)
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|z| z}pz¦vaz»rtz¦Ł¨­¨¦n½¨¦Ły{c.yrt_v ∆ Łv x˜ = 0 µg^&_ac¨¦Ły{c.y kz ºrt_ac§ psrtc.ygr{_acZqcupt¢rtwaytr{z¦ŁvHvC½r{_ac
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ivÓr{_crt_ac.y
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u ≈ |γ| Łv |γ| > 0 §©y{b ip{p{wabdqr{z¦Łv°ŁÁ µ B¢ª¥c.¬Łcuyz­rKz¦pvaŁrp{r{z}ps¸CcuÓz¦v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σ : R → R !*ﬂﬃ+ﬂ (C01)ﬃ
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 σ(0) = 0
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σ(s) > − 1k1 , ∀s ∈ R 
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u = |γ|+ |γ|k1σ(v¯3) (≥ 0)
ω1 = −|γ|k2
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b¶p{pdc OcE´rtpuµ2^&_c½r{yvp{¨¦r{z¦ŁvŁ¨qnovbdz}.p¶Ł§irt_acH¬Łcu_az¦.¨­cHz}pdŁz¦¬Łcuv¯Gn¼ <EÁdªz»rt_
Fe(x˙, x¨) =
−ca|x˙|x˙ −max¨ + mge3 ºOŁv ca, ma Op{z»rtz­¬cK vp®rtvGrgvowabCcuytpiŁptp®q.z¦r{cu%ªz­r{_ÇaytŁd§©Ły cup
ŁvHŁqcuo·[b¶Łptp&c Îcu rtpytcup{Ocu´rtz­¬c.¨¦nŁµ^&_az}pcE|wC¢r{z¦ŁvHuvHOcy{cuªy{z­r®rtc.vTp¼ .Łbdytcﬁªz­r{_²¼<uÁ{Á










 _c.vqy%c Îcu´rpﬁ.Łv;Oc¶vac.¨­cE´rtcu ¼©z4µ cµ ca
m¯ |x˙|x˙ ≈ 0
Á º*ip{p{wabdqr{z¦Łvz}pﬁvarpt¢rtz¦p®¸cu;ª_acuv
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δ > 0




 |γ(x˙r(t), t)| ≥ δ 






















Łv¶rt_¢r&rt_acAr{yŁ«oz­vKc.ytytŁypMytcup{wa¨»rtz­vK§©ytŁb rt_acﬁ ŁvGrty{¨O´r{z¦Łv%.Łvvacu¬Łc.y&qz¦¬Łcuy{cgc ¹qa¨¦p{z¦¬Łc.¨¦nŁº


















































u = γ¯3 + |γ|k1v˜3
ω1 = −|γ|k2v˜2 − µτ (|γ|+ γ¯3) k3|γ|γ¯2




ω2 = |γ|k2v˜1 + µτ (|γ|+ γ¯3) k3|γ|γ¯1
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β1, β2

|u| ≤ β1 + β2|x˙| ¼4Á
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qc.vr{ciﬁ ŁvGrtz­vowawp®pt¢rtway¢r{z¦Łv§©wav r{z¦Łv ﬁgpt¢rtz¦p®§©noz­vart_ac~MytŁOc.y{r{z¦cup

























qcuvartcﬁvon·[qz¦bdc.vp{z¦ŁvŁ¨OOŁwvqcu C1 r{z¦bdc ·Äqc.Oc.vCqc.vGrg¬cu´rtŁy&¬¢¨¦wacu§©wavC´r{z¦ŁvHª_p{c
ac.ytz­¬¢¢rtz­¬cdz¦pŁ¨¦p{½CwavqcEµ½^&_ac¶y{¨­c¶Łv_aŁz} cdŁ§/rt_az¦p§©wav r{z¦ŁvÓªz­¨¦¨)Oc.Łbdbdc.vGr{cE;wCv
§©wy®rt_ac.yEºa¨¦Łvadªz­r{_Hp{Łbdcc ¹abda¨¦cupuµ  gc.¸vacﬁva¢ª
γ
Łp¥§©Ł¨¦¨¦¢ªp
γ(x˙, t) := γd(t) +
pt¢r
M (γe,d(x˙, t))− x¨r(t) ¼Ò&EÁ
ªz­r{_











|γ(x˙(t), t)| ≤ Q ¼  <ÈÁ
^&_c.ytc §©ŁytcŁº)z­v ¬oz­cuª §ir{_ac½c ¹qaytcuptp{z­v²§
u








c¯1 ≥ 0, c¯2 > 0, c¯3 ≥ 0, c¯4 > 0
p{w_r{_ruº ∀(x˙, t) ∈ R3 × R º {
|γe,d(x˙, t)| ≤ c¯1 + c¯2|x˙|2








P (s) := c¯4s
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¼ECÁ	¼1EuÁ
  ﬂCﬂ '50
 0 '0 ﬀ 0
(v˜, θ˜) = (0, 0)
    ﬂC)ﬃ
 F'ﬂ,!+








M > c¯1 + c¯2v¯r
  0
M




0+ﬂﬃ ﬂﬃ/0  0
γ 	
5  ﬂ'  	ﬂ  0 
M ≥ c¯1 + c¯2(κ(c¯i, v¯r))2 (! |γ(x˙, t)| ≥
τ ∀(x˙, t)  ﬂ (	(&)'01 !* (0 0  ﬂ'(






















γae(x˙) = −(ca/m¯)|x˙|x˙ ¼ ca > 0 Áir{_cŁu c.¨¦c.y¢rtz­v






















µ%ÃÄvﬃr{_az}pKuŁp{c |γ(x˙, t)| ≥
mg/m¯−M > 0 µihTŁytc.¢¬Łcuyuºz»§ τ < mg/m¯−M ºCrt_acZcu|Gwaz¦¨­z¦aytz­wab (v˜, θ˜) = (0, 0) z}p ®Ł¨¦ŁŁ¨­¨¦n ﬁ
p®nobdqrtr{z}.Ł¨­¨¦nÇp®rtŁa¨­cT¼ zÒµ cŁµr{_acqŁb¶z¦vÓ§¢r{r{yŁ´rtz­v;z}p
R
3 × (−pi, pi) Á µ Bg¢ª/cu¬Łcuyuºz¦bdCGp®z¦va
rt_az}pKz¦vacu|GwŁ¨­z­rsnﬃŁv
M
b¶ÈnﬃvarZCc% Łbdr{z¦a¨¦cªz­r{_rt_acpt¢rtz¦p®§ Ł r{z¦Łv§rt_ac½ ŁvCqz»rtz­v
M ≥
c¯1 + c¯2(κ(c¯i, v¯r))
2 ª_z¦_wyvGr{cucupArt_acV¨}ytŁcup®rﬁCGp{p{z¦a¨­cqŁb¶z¦vÓ§¢r{r{yŁ r{z¦Łvµ%ÃÄvqcucuº	z¦v
rt_az}pZuŁp{cvac%_Łp
c¯1 = c¯3 = 0
º
c¯2 = c¯4 = ca
º)Łv
κ(c¯i, v¯r) = v¯r
º/p{Trt_¢rdrt_ac%.Łvaz»rtz­v



























M (γg + γae)
µ  z»rt_Ór{_az}pK_Łz} cŁº




























ﬃ ﬂ(  ﬀ
2ﬂ ﬂﬀF001 )ﬁ	
D





ﬂ ),(.!&ﬂﬂ  ), ﬀ (	ﬂ  0
¼Ò <uÁ

γ := γd +
pt¢r
M (γˆe,d)− x¨r + h(|y|2)y + z¨
 0 
γˆe,d := γˆe − γd
(%! 6(6ﬂ+( '0
 0   	ﬂﬃ,5
 1 (0 ﬂﬁ	ﬂ 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 ﬂ '
 ﬂ 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0  ),(01 ),%),ﬂ'    ﬂ ),!001
M > c¯1 + c¯2(κ(c¯i, v¯r))
2
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bdqqcu¨q§OA¿A^gAÀ¬c._az} ¨¦cp®z¦bdz­¨}yrtirt_ac 	B¢¬Łcuy )nŁc ﬁ/ac.¬Łcu¨­CcEonK¥c.y{r{z¦vd^cE_avaŁ¨¦Łz­cEpﬁAytŁw
¼Òp®cuc :ÂqºqºŁqº¢>©Á´µZ^&_az}pi¬c._az} ¨¦cŁºª_p{cp{_OcytŁwŁ_a¨¦nH Łytytcup{Cvapgr{r{_acdŁvcZqcuaz}´r{cETv
z¦Łwaytc <ŁºCcu¨­vap	rtr{_ac.¨¦p{pM§ ®p{z»rMvZrtz¦¨ﬂﬁ&¿A^gAÀHfg*¿Mp.µÃ[r)z}pMp®nobdbdc rty{z}¨¦Łvaﬁaytz¦¬Gz¦¨¦c.ŁcE
¹qz¦pgrtŁ«Łc.v;Łpgr{_ac¶¢¹qz}p {G;−→k } µÃÄvTrt_acK¸Cytp®rŁaaytÈ¹qz­b¶¢rtz­vºOz»rpiz¦vacuy®rtz¦bdr{ytz»¹ J z}pqz}Łv¨
Łv
J ≈ diag(J1, J1, J2) µ




































ytcVp{CcE z­¸cuÓz¦vÅaOc.vCqz»¹ÅKµ2<*<Łµ  z­vCﬃr{wavavc.¨¥bZcEŁp{waytc.bdc.vGrtp
ŁvTŁc.ytoanGvCbdz¦bdqqcu¨­z¦vaV§©yrt_az¦p.¨¦p{pg§M¿i^gAÀ²¬Łcu_az¦.¨­cEp_È¬cOc.c.vÇy{cuCy®rtcu½z¦v#:ÂF>[µi¥n
p{c r{r{z¦va









z¦vT¼ GÁr«ŁcEp	r{_c§©ŁytbŁ§lqnop®r{cub ¼4ŁÁ´µ Bg¢ª/cu¬Łc.yEºgptp{wabdqr{z¦Łv <z}pM¬oz¦Ł¨}¢r{cE
Ocuuwp{c
Fae



















ac.Oc.vap¥¨}p{ﬁŁvdr{_cup{cg¬¢ytz¦Ła¨¦cupuµ  iz¦pt ytc.Łv z¦cup
¨¦z¦«ŁcZr{_az}pŁvcZOc rsª¥c.cuvÇrt_acdz¦acu¨Ybdqqcu¨Mwp{cuÇ§©ŁyAr{_acV.ŁvGr{ytŁ¨YqcEp®z¦ŁvﬃvÇr{_c¶a_onop{z}.¨Yp{nqpsrtc.b
ytc.y{cEp®cuvrvﬃŁaOŁy{r{wvaz»rsn½rt%r{cup®rﬁonTp®z¦bKwa¨}¢rtz­vÇrt_acdy{awp®r{vacEp{pi§/r{_acdaytŁOp{cu; vrty{¨­¨¦c.ypuµ



























g∗ = 9.81 ms−2
ºrt_acytcu¨¬Łc._z¦.¨­c  pb¶p{pz}p
m∗ = 3.2 kg
º
Łvr{_acﬁytcuŁ¨¬Łc._z¦.¨­c  p&z¦vac.y{r{z}Zb¶¢r{ytz­¹z¦p






























Kω = diag(20; 20; 20)
º


























































_È¬Łc½Oc.cuvòqc rtc.ytbZz¦vacE¯¬Gz}ÓOŁ¨¦cTa¨}Ł cubdc.vGrVayto.c ·
away{cﬃOc.y{§©ŁytbZcEŁv r{_acﬃ¨¦z­vacEytz­³ucuòp{nqpsrtc.b Ł§Zlonqpsrtc.b,¼EÁ ﬃalonqpsrtc.b,¼<F=¢Á%¢r%r{_c;cE|wz­¨¦z­y{z¦wab
(z = 0, z˙ = 0, x˜ = 0, v˜ = 0, R = I)
z­v%rt_acﬁy{r{z} w¨¦Ły.Łp{c§Ydy{c.§©c.ytc.v.cAr{y¢scu r{y{nV.Łvp{z¦p®r{z¦va
Ł§MZ¸a¹qcu½OŁz¦vrEºªz­r{_TŁ¨­¨*c ¹or{cuy{vŁ¨§©Ły cEp&Ccuz­vVvac.¨­cE´rtcuµ  gc.rtŁz­¨}pŁ§rt_az}pŁz­v%rtwavaz¦vaVaytq c ·
away{cﬁŁy{cŁz¦¬Łcuvz¦vHaOc.vaz»¹Hµ <uqµM^*ª¥dp{z¦bKwa¨}¢rtz­v%uŁp{cup&ytcy{cuCy®rtcuµ







	 £$# Ë ¡q¶¡ﬃ.E¡q 	 Ð  ¡q  Ì  Ð 	  




x(0) = (8, 5,−8)T µZ^&_cZz¦vaz­r{z}¨Y¬c._az} ¨¦c$ p¢r®rtz»rtwqc¶z}pŁz¦¬ŁcuvÇon R(0) = I3 µZ^&_z¦p
.Łyty{cEp®OŁvCaprtVr{_ccE|wz­¨¦z­y{z¦wab$¢r{r{z­r{wacZp{p{q z}¢r{cEHªz­r{_;V¸a¹qcu;qcup{z­ytcuTCGp®z­r{z¦ŁvTz¦vTrt_ac¶q·
p{c.vC cŁ§gªz¦vµ^&_ac½qcup{z­ytcuÅCGp®z­r{z¦Łv°z¦p
xr = (0, 0, 0)
T µÃÄvaz­r{z}¨¦¨¦nŁºYrt_ac.ytcz}pZvaÇªz¦vºMwqrd
_Łytz­³uŁvGrtŁ¨Yªz­v²psrtc.¬Łcu¨­q.z»rsn
x˙f = (4, 0, 0)






















rt³uc.ytµY^&_acﬁp{cu vVvac ŁvGrz¦vp/r{_acz¦vrtc.ytŁ¨Î´rtz­vytcup{wa¨»rtz­vK§©ytŁb rt_acﬁ.¨} w¨¦r{z¦ŁvŁ§
z
vC
z­rtp/¸yp®r&Łvp{cu.ŁvŁyqc.y)r{z¦bZc.·[ac.ytz­¬¢¢rtz­¬cup/§©ytŁb ¼ <=Á´µY^&_accu¬ŁŁ¨¦wqrtz­vV§rt_ac¬Łcu_az¦.¨­c  p/Op{z»rtz­v
ŁvTr®r{z­r{wCqcz}pp®_¢ªvHŁv;z¦ŁwaytcupAVŁvÇqµ  z­r{_;CŁr{_;.ŁvGr{ytŁ¨*¬Łcuytp{z­vpuºrt_acOp{z­r{z¦ŁvTŁ§Mr{_ac












h(s2)s > |c| ºoªz»rt_ c = γˆe− γe ÁYbwpsr






















 ¨¦p{crt³uc.ytµÃ[r&Ł¨¦p{K vGr{ytz­awar{cup/rtKz¦v ytcup®cgr{_ac
p{z¦³.cA§
γ
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^&_ac.ŁvGr{ytŁ¨Îqscu r{z¦¬Łcz¦p¥rtdr{yŁ«drt_ac§©Ł¨¦¨­¢ªz¦vadytc §©c.ytc.vC cir{y¢scu r{y{n
xr(t) = (10 cos(pit/10), 10 sin(pit/10),−t)T
^&_cAz¦vaz­r{z}¨Î¬Łcu_az} ¨¦c$ p/Op{z­r{z¦Łv½v¢r®rtz»rtwqcŁy{ciŁz¦¬Łc.von
x(0) = (45, 50,−10)T v R(0) = I3
ytcup{Ocu´rtz­¬c.¨¦nŁµ	ÃÄvGr{cuŁy¨ y{ytcu r{z¦ŁvVz¦v½CGp®z­r{z¦Łv%z¦p&wCp®cEµM^Zrtcup®rr{_acﬁytŁawCpsrtvacuptp¥§rt_ac vGr{ytŁ¨¦¨­cuy
ªﬁµ yEµ rEµTc.ytqqnovbdz}dCcuy®rtwayt¢rtz­vp.ºYﬀ{p®r{ytŁva ﬁZ¬¢ytz¦Ła¨¦cVªz­vCz¦pp®z¦bKw¨¦r{cuÓªz­r{_²¬Łc.¨¦q z­rsn;z¦vq·
rtc.vp{z­rsnZ¬¢Ły{z}¢rtz­vpMytc.aytcup{c.vGrtcudŁv*z¦Łwy{coµM´rtw¨ÎvVcup®r{z¦bdr{cEVaCytc.vGr¥. cu¨­cuytr{z¦Łvp)ytc
p{_a¢ªvv²z­way{c%qµÓÀz¦bZz­rtr{z¦Łvp§rt_ac½Ł´rtw¢rtŁypytcŁ¨¦p{Tr«Łcuvz­vGrt;Łu wavGrKonÓpt¢rtway¢r®·
z¦vaHrt_acŁaa¨¦z­cEﬃr{_aytwp®rK§©Ły cVŁvﬃr{yt|Gwac ŁbdOŁvacuvGrtp. ytaz­va½rtHr{_c¶§©Ł¨¦¨­¢ªz¦vaHz¦vacu|GwŁ¨­z­rsn
.Łvp®r{yz¦vGrtp
0 ≤ T ≤ 1.8m∗g∗ = 56.5, |Γi=1,2,3| ≤ 0.3TL













































































































































































































































































z­waytcﬁ 9  z­v½¬c.¨¦q z­r{z¦cup&¬qp.µrtz­bdcŁµ























































































ref. trajectory : −−
act. trajectory : −












ref. trajectory : −−








ref. trajectory : −−
act. trajectory : −

















) x˜1 : −
x˜2 : −−
x˜3 : .−
























































Fig. f) Torque control inputs
t (s)
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v˜ = RT (x˙ − x˙r) ºÎz»ri§©Ł¨¦¨­¢ªp
rt_¢r
x˙
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ε > 0
p{w_r{_r














|θ˜| > pi − ε1 =⇒ d
dt
(1− cos θ˜) < 0
/|wC¢r{z¦ŁvH¼ ŁÁ	z}p	rt_GwCpMp{r{z}ps¸Ccuªz»rt_




1/(|γ|+ γ3) µMg¨­vaªz­r{_½gptp{wabdqr{z¦Łv½KŁv¶rt_acA§ Ł´r




















































































CŁp{cuvÅr{_cOŁwavCqcuqvcuptpŁ§ ˙˜v, γ¯, ˙¯γ
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(v˜, θ˜) = (0, 0)
ºz­rz}pﬁ%qz­ytcu r.Łvp{cu|Gwacuv c§¶¼<EŁÁ
Łvﬃ¼©<EÁ µ




˙˜v = −S(ω)v˜ − ue3 + RT γ −RTh(|Iv |2)Iv + RT c ¼ Á
 ic ¸Cvac
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lqwap®r{z­r{wqrtz­vadrt_ac vGr{ytŁ¨Îc ¹qaytcuptp®z¦Łvﬃ¼ <*<EÁ¥z¦vrtH¼©Á´ºavacŁqrz¦vp









(Iv , v˜, θ˜)
r{



















vacﬁ.Łv%Łaa¨¦n&yt¨}¢r  p¥¨¦c.bdb¶dŁz¦¬Łc.vz­vHgaCcuvqz­¹½Kµ Ert½¼ GÁ¥ªz»rt_
a(t) := −RTh(|Iv |2)Iv + RT c , b(t) := −S(ω)v˜ − ue3 + RT γ
ip	§©Ły	rt_acpsraz¦¨¦z»rsnŁ§rt_accu|Gwaz¦¨­z¦aytz­wb Cz­vGr




Ł§¼©=Á´º¼ *EŁÁ.ºavrt_ac§ Ł r¥rt_¢rrt_az}pCz­vGrz}p¥r{_acﬁwvaz¦|Gwacﬁbdz¦vaz¦bKwab §r{_ac§©wavC´r{z¦Łv
V
µ




˙¯v = −S(ω)v¯ − ue3 + RT z¨ + RT (γe − x¨r)
ª_z¦_½.ŁvOcﬁy{cuªy{z­r®rtc.vHŁp

































































y = x˜ + z
Łv

















h(|z∗|2)z∗ = c µVy{b r{_acuy{cºªz­r{_ﬃr{_acVptbdc¶ytŁwbZcuvGrtpŁpz¦vﬃr{_ac









y¯ := y − z∗, z¯ := z − z∗, w := z˙,







x˜ = y − z = y¯ − z¯ µM^&_acuvºClonqp®r{c.b ¼<=¢Á&.ŁvOcﬁy{cuªy{z­r®rtc.v½Łp{
˙¯z = w
w˙ = −2kzw − k2z z¯ + k2z(
pt¢r
∆(z¯ + z
∗)− z∗)− kzhz(|z¯|2)z¯ + kzgz(y¯, z¯)
y&z­v%r{_cﬁbZy{cﬁ.ŁbdŁ r&§©Łytb
Z˙ = F (Z) + G(y¯, Z)
¼4GÁ
ªz­r{_





















































































hz(|z¯|2) > δz µ	^&_az}p.ºŁ¨­vagªz­r{_½¼ÒÁ´ºŁz­bda¨¦z­cEp*r{_r*rt_ac.ytc/c.¹qz¦p®r	p{Łbdc& vpsrvGrtp
αz, αw > 0
p{w_r{_r
















































(z, z˙, x˜, v˜, θ˜) = (z∗, 0, 0, 0, 0)
µ
y{bk¼Ò <uÁ&vC;¼4ŁÁ.º












(v¯, y¯, θ˜, Z) = (0, 0, 0, 0)
z¦pŁ¨¦p{½Hpsra¨¦c¶cu|Gwaz¦¨­z¦aytz­wbk§¥r{_cV ŁvGrty{¨­¨¦cuﬃp®nqp®r{cub%µ
^&_z¦pqz¦ytcu´rt¨­nz­bda¨¦z¦cup¥r{_cpsraz¦¨­z­rsnVŁ§*rt_acﬁcu|Gwaz¦¨­z¦aytz­wb
(z, z˙, x˜, v˜, θ˜) = (z∗, 0, 0, 0, 0)
µ











§©wv´rtz­v%z­¬c.v%on;¼Ò <uÁ.µMfgp{z­vaT¼4ŁÁ&Łv½ÀcubZb¶¶%¼ p{c.cgaCcuvqz­¹%Kµ GÁ´ºavacŁc rp















































































V = 12 |x˙|2
vC%p{_a¢ªz¦vaZr{_rz»rz}pvacur{z¦¬ŁcAª_ac.v |x˙| c.¹a c.cEap¶ cuy®rz¦v
rt_aytcup{_aŁ¨}µYhHŁytcaytcu z}p{c.¨¦nŁºoŁvacﬁ_CŁp
V˙ = x˙T (−uRe3 + γe(x˙, t))
fip®z¦va¶gptp{wabdqr{z¦ŁvHdvr{_cﬁz­vacE|Gw¨¦z»rsnÓ¼ÒŁŁÁ´ºŁvacŁartz¦vp


















































 	   ﬂ 
	













M ≥ c¯1 + c¯2(κ(c¯i, v¯r))2
ﬂﬃ ∀(x˙, t) 





















φ(γe,d(x˙, t)) ≤ 1 v
Rv˜ = x˙− x˙r ºqŁvacŁc.rtp
v˜TRT (γe,d(x˙, t)− pt¢r M (γe,d(x˙, t))) = (1− φ(γe,d(x˙, t)))(x˙ − x˙r)T γe,d(x˙, t)
≤ (1− φ(γe,d(x˙, t)))(x˙γe,d(x˙, t) + v¯r|γe,d(x˙, t)|)
≤ −(1− φ(γe,d(x˙, t)))(c¯4|x˙|3 − c¯2v¯r|x˙|2 − c¯3|x˙| − c¯1v¯r)
y{b r{_cqc ¸vz»rtz­v%Ł§rt_ac§©wav r{z¦Łv
κ
ºar{_acﬁz¦vacu|GwŁ¨­z­rsn |x˙| > κ(c¯i, v¯r) z¦bda¨­z¦cup
















y{b ¼ÒÁYŁv½¼  <EÁ´ºŁytc.¨}¢rtz­vH¼ÒÁ_aŁ¨}ap	rty{wac&§©y)p{Łbdc&CGp®z­r{z¦¬Łc.Łvp®rtŁvrp
β1, β2
µ~)y{Ccuy®rsn



























Àc rwpv¢ªòcup®rtŁa¨­z}p{_%~)y{Ccuy®rsnVµ ;cﬁ_È¬cgrt_¢rK¼Ò bZCytciªz­r{_Å¼EÁtÁ












































M (γe,d(x˙r(t), t)) = γe,d(x˙r(t), t)
ª_c.v
M ≥ c¯1 + c¯2v¯2r
µ fgp{z­va¯gptp{wabdqr{z¦ŁvoºŁvacÓqcEqw cEpr{_r½ª_c.v











τ ∈ (0, δ)
onHŁptp{wabdqr{z¦ŁvTvacacuqw.cupg§©y{b ¼Ò¢oÁrt_¢r
µτ (|γ|) = 1 z¦vÇVvacuz­_oCy{_aoqHŁ§ x˙r µ )|Gw¢rtz­v
¼Ò <uÁ¥Ocu.Łbdcup









M ≥ c¯1 + c¯2(κ(c¯i, v¯r))2 Łv |γ(x˙, t)| ≥ τ, ∀(x˙, t) µZ^&_az}pi¨}¢r{r{cuy
.Łvaz»rtz­vz¦bda¨­z¦cupr{_r
µτ (|γ|) = 1, ∀(x˙, t) µ)^&_c.ytc §©ŁytcŁºocE|wC¢r{z¦ŁvÓ¼Ò <EÁ¥CcE ŁbdcEp















y{bÉÀcubdbd <ﬁvCﬃ¼Ò <uÁ ºaŁvcacuqw.cup&rt_¢r
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= − 1|γ|3 R
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x˙ = a(t) + b(t)
 0 
a(t)
(50 ﬃ  
  ),0A,5)ﬃ01


















x˙(t) = 0 
egrtcirt_¢rrt_ac.p®c
b = 0
 y{ytcup{OŁvap/rtrt_ac ¨}Łptp{z¦u¨Î¬Łcuytp{z­vŁ§	&ytŁ¨¦r p/¨¦c.bdb¶aµ
 	     ! 

2ª&ÈnrtZac r{cuy{bdz¦vacAr{_ac vGr{ytŁ¨Oz¦vp¥ vp®z}p®rtp¥z­v% vp®z}qcuy{z¦vart_acA¨­z¦vacuŁy{z¦³ur{z¦ŁvVŁ§lonqp®r{c.b ¼1EÁ
.Łbda¨¦c.bdc.vGrtcuÓªz­r{_ ¼<F=¢Áﬁrr{_ccu|Gwaz¦¨¦z­aytz¦wab ¼


















γ ≈ ge3 + (h(0) + kzhz(0))x˜ + h(0)z − 2kz z˙
lqc r®rtz­v
w := z˙
Łvwp®z¦vadrt_ac§ Ł r¥rt_¢r ∂σ(s)




u ≈ g + (h(0) + kzhz(0))x˜3 + gk1v˜3 + h(0)z3 + (gk1 − 2kz)w3
ω1 ≈ −k34g (h(0) + kzhz(0))x˜2 − gk2v˜2 − k3h(0)4g z2 − (gk2 − k3kz2g )w2 − k34 (eT2 RT e3)













R˙T = −S(ω)RT º ω3 ≈ 0 ºMv
R ≈ I3 r{_r






w˙ = −2kzw + kzhz(0)x˜
˙˜x = v˜
˙˜v = (gθ1, gθ2,−(h(0) + kzhz(0))x˜3 − gk1v˜3 − h(0)z3 − (gk1 − 2kz)w3)T
θ˙1 = −k34g (h(0) + kzhz(0))x˜1 − gk2v˜1 − k3h(0)4g z1 − (gk2 − k3kz2g )w1 − k34 θ1













w˙3 = −2kzw3 + kzhz(0)x˜3
˙˜x3 = v˜3





w˙i = −2kzwi + kzhz(0)x˜i
˙˜xi = v˜i
˙˜vi = gθi
θ˙i = −k34g (h(0) + kzhz(0))x˜i − gk2v˜i − k3h(0)4g zi − (gk2 − k3kz2g )wi − k34 θi
(i = 1, 2)
ª_p{c_CyŁ´rtc.ytz¦p®r{z}OŁ¨¦novaŁbdz}¨}pytciz­¬c.v%on
P3(λ) = λ
4 + (2kz + gk1)λ
3 + (h(0) + 2gkzk1 + kzhz(0))λ
2










































P3(λ) = (λ + 2kz)
(
λ3 + gk1λ











































P3(λ) = (λ + λ0)
4

























k3  4λ0 z¦vZŁyqc.yr{AŁc.r	r{_ac&ytGŁrtp§ Pi(λ) vacuŁyr{_aGp®c
Ł§
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µ  gc.¸vac −→v e := −→v P −−→v f ª_aGp®c¬cu´rtŁyYŁ§Î.Gytaz­vr{cEp	c ¹qaytcuptp®cEKz¦vdr{_acgŁp{z¦p
rt_acﬁOoan·4¸a¹qcu§©ybdc B z¦p


















c.¹qay{cEp{p{cuz¦vrt_acﬁp®z}p&§r{_acﬁ¬c._az} ¨¦cup p¥§©ytŁbZc B ºav Fae r{_acﬁ¬cu´rtŁyŁ§ oytqz¦vr{cup
Ł§ −→
F ae
c ¹qaytcuptp®cEVz¦v%r{_acﬁp®z}p&§*r{_acﬁz¦vacuy®rtz¦Ł¨Î§©ytŁbZc I ºŁvacﬁ_p






e,2ve,i − ke2|ve|ve,i, i = 1, 2
Fa,3 = −ke3(v2e,1 + v2e,2)− ke4|ve,3|ve,3
ªz­r{_
ke1 = 0.13, k
e
2 = 0.03, k
e






|T |ve ªz»rt_ T
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